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Received 27 August 2013; revised 18 September 2013; accepted 21 September 2013AbstractEffect of graphene nanoplatelets (GNPs) addition on mechanical properties of magnesiume10wt%Titanium (Mge10Ti) alloy is investigated
in current work. The Mg-(10Ti þ 0.18GNPs) composite was synthesized using the semi powder metallurgy method followed by hot extrusion.
Microstructural characterization results revealed the uniform distribution of reinforcement (Ti þ GNPs) particles in the matrix, therefore
(Ti þ GNPs) particles act as an effective reinforcing filler to prevent the deformation. Room temperature tensile results showed that the addition
of Ti þ GNPs to monolithic Mg lead to increase in 0.2% yield strength (0.2% YS), ultimate tensile strength (UTS), and failure strain. Scanning
Electron Microscopy (SEM), Energy-Dispersive X-ray Spectroscopy (EDS) and X-Ray Diffraction (XRD) were used to investigate the surface
morphology, elemental dispersion and phase analysis, respectively.
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Recently, graphene has attracted worldwide attention owing
to its attractive electrical, thermal and mechanical properties
and potential applications in nanotechnology [1e12]. The
graphene has also been used in other fields as metal-graphene* Corresponding author. College of Material Sciences and Engineering,
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graphene (thermally conductive nanomaterial) have been used
as excellent fillers. The strong graphene coupling to the metal
matrix particles caused an increase in the thermal conductivity
of resulting composite up to 2300% [13e15]. However to our
best knowledge there is no report where graphing is used as
reinforcement particles to enhance the tensile strength of Mg
alloys.
Magnesium is one of the lightest (r ¼ 1.74 g/cm3) struc-
tural metal with widespread applications in automotive and
aircraft industries. But limited strength and ductility of Mg
(due to HCP structure) is a big challenge up to now. Therefore
further research is needed to improve its strength and ductility
by developing traditional alloys and composite materials.
In earlier studies, ceramic and intermetallic (SiC, TiC, TiB2,
Al2O3, Y2O3, TiO2, Mg2Si etc.) reinforcement werengqing University. Production and hosting by Elsevier B.V.
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[16e27]. But the brittle nature of reinforcements lead to
limited ductility of Mg composites [17e19]. To improve
strength and ductility is a big challenge for researchers.
Metallic reinforcement such as titanium have good ductility,
strength, hardness and Young’s modulus. The main advantage
of Ti based Mg alloys it that there is no formation of any
brittle inter-metallic compounds between Ti and Mg as shown
in TieMg binary phase diagram [28]. Recently, Sankaranar-
ayanan et al. [29,30] prepared the Mge5.6Ti alloy,
Mge5.6Tie3Cu, and Mge5.6Tie2.5Al2O3 composites. The
Mge5.6Ti alloy and Mge5.6Tie3Cu composite were syn-
thesized by rapid microwave sintering assisted powder met-
allurgy technique followed by hot extrusion. Tensile results
revealed that the strength of composites was increased but
composites showed very poor ductility (even lower than pure
Mg). The Mge5.6Ti alloy showed the maximum strength and
ductility, no more than 190 MPa and 4.2%. Ultimate tensile
strength of Mge5.6Tie3Cu composite was 225 MPa with a
ductility of 2.6%. Mge5.6Tie2.5Al2O3 composites were
prepared by disintegrated melt deposition (DMD) technique
followed by hot extrusion [30]. Two kind of reinforcement
were used. Ball milled hybrid reinforcement
(5.6Tie2.5Al2O3)BM and without ball milling hybrid rein-
forcement 5.6Tie2.5Al2O3 were added to Mg matrix using
DMD method. The addition of ball milled reinforcement to
Mg matrix resulted the ultimate tensile strength of 214 MPa
and failure strain of 6.8%. On the other hand, hybrid rein-
forcement 5.6Tie2.5Al2O3 without ball milling showed the
ultimate tensile strength of 227 MPa and failure strain of
3.3%, when added to Mg matrix. Therefore, low ductility of
MgeTi alloy and MgeTieCu/Al2O3 composites, is a big
obstacle for practical applications.
In our present work, two attempts have been made to in-
crease the ductility of Ti based Mg alloys. Firstly 10 wt.% Ti
reinforcement was used to prepare the Mge10Ti alloy instead
of 5.6 wt.%. Secondly Graphene nanoplatelets (GNPs) were
added to the Mge10Ti alloy in order to investigate the effect
of GNPs on mechanical strength and ductility of Ti based Mg
alloys. Semi powder method is adopted here to prepare the
composites. Tensile data showed the ductility of synthesized
composites better than earlier reports [29,30] where 5.6 wt.%
Ti and 5.6 wt.% þ Cu/Al2O3 were used as reinforcement. To
our best knowledge this is the first time when GNPs are going
to be used as reinforcement to enhance the tensile strength of
Mg alloys.
2. Experimental procedures2.1. MaterialsAs received raw materials were used in this work. Mag-
nesium and Titanium powder with 99.5% purity was bought
from Shanghai Customs Golden Powder Material Co. Ltd.
China. Size of as received Mg and Ti powder were 74 mm and
10e25 mm respectively. Graphene nanoplatelets (GNPs) pre-
pared by the Hummer’s method [31], were purchased fromNanjing Xian Feng Nano Material Technology Co. Ltd.
Jiangsu, China. Fig. 1 shows the FESEM micrographs of as
received Mg powder (a); Ti powder (b) and Graphene nano-
platelets (GNPs) (c). Raman spectrometer (Renishaw inVia
plus, Renishaw, Gloucetershire, UK), with excitation laser of
632 nm wavelength and 50 objective lens is used to analyze
as receive GNPs sheet thickness and quality. Fig. 1 (d) shows
the Raman Spectra of as received GNPs dispersed on SiO2
substrate with the significant D band (disorder related) at
1330 cm1, strong G band (graphite related) at 1580 cm1 and
a broad second order 2D band at 2681 cm1. The intensity
ratio 2D Band to G band (I2D/IG) shows that received graphene
is multilayer. An average thickness of Graphene nanoplatelets
(GNPs) was 5e15 nm.2.2. Processing
2.2.1. Preparation of composite powders
Ball milling is an incompatible technique for handling
magnesium as it produces heat which can burn magnesium
powder easily. Therefore solution based powder method is
used to prepare the composite. Magnesium and Ti (10 wt%)
powder were mixed with ethanol solvent using a mechanical
agitator. At the same time Graphene nanoplatelets (GNPs)
were separately ultra sonicated in ethanol, for 1 h. Graphene
nanoplatelets (GNPs) solution (with 0.18 wt% GNPs) was
added drop wise into the above magnesium and Ti (10 wt%)
powder solution in ethanol. Mixing process was continued for
an hour by using a mechanical agitator to obtain the homo-
geneous mixture. The mechanically agitated mixture was
filtered and vacuum dried overnight at 70 C to obtain the
composite powder. Sample for Mge10Ti alloy was prepared
by excluding the addition of GNPs.
2.2.2. Primary processing
The Mge10Ti and Mg-(10Ti þ 0.18GNPs) mixture pow-
ders were compacted in a stainless steel mold at room tem-
perature under 600 MPa pressure to obtain green billets with
V80  40 mm dimensions. After compacting, the green billets
were buried in graphite powder and sintered in the box furnace
at 630 C for 2 h under argon atmosphere.
2.2.3. Secondary processing
All sintered compacts were hot extruded at a temperature of
350 C to obtain the cylindrical rods using a hydraulic press.
Before extrusion, sintered billets were preheated 350 C for
1 h. The extrusion ratio and ram speed were set at 5:1 and 1 m/
min respectively. The diameter of final rods obtained after
extrusion was 16 mm. For comparison, pure Mg sample was
also prepared following the compacting, sintering and extru-
sion processes.2.3. X-ray diffractionX-ray diffraction (XRD) was carried out for the GNPs,
Ti powder, Mg powder and Mg-(10Ti þ 0.18GNPs) com-
posite using a Rigaku D/MAX-2500PC diffractometer with
Fig. 1. SEM images of :(a) Mg powder; (b) Ti powder and inset shows the magnified image of Ti powder; (c) GNPs and (d) Raman spectra of as received GNPs.
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0.02/s in a 2q range of 10e90. X-ray Diffraction (XRD)
was used to investigate phase analysis of the prepared
composite.2.4. Microstructure characterizationThe samples for pure Mg, Mge10Ti and Mg-
(10Ti þ 0.18GNPs) composite were polished to analyze the
surface morphology and dispersion of reinforcement particle in
the matrix. Scanning electron microscopy (TESCAN VEGA 3)
equipped with an energy dispersive X-ray spectrometer (EDS)
were used to examine the surface morphology and elemental
analysis of the prepared composite.2.5. Density measurementsThe extruded samples of pure Mg, Mge10Ti and Mg-
(10Ti þ 0.18GNPs) composite were cleaned carefully. Three
samples were made from each composition of extruded rods.
Digital density meter with accuracy of 0.1 mg were used to
measure the density. At first samples were weighed in air and
later were immersed in distilled water to calculate the density
using Archimedes’ principle. Theoretical densities were
calculated using the rule of mixtures by taking theoretical
density 4.5 g/cm3 for Ti powder and 2.25 g/cm3 for GNP
particles.2.6. Tensile testFor Tensile test, samples with 3 mm diameter and 15 mm
gauge length were prepared from the extruded rods. Tensile test
was conducted at ambient temperaturewith initial strain speed of
1 103 s1. The tensile direction was parallel to the extrusion
direction (ED). Three samples were made for each composition
to minimize the error. Images of tensile fracture surfaces were
taken using Scanning electronmicroscopy (TESCANVEGA3).
3. Results and discussion3.1. X-ray diffractionThe X-ray diffraction (XRD) pattern of GNPs, Ti powder,
Mg powder and Mg-(10Ti þ 0.18GNPs) composite is shown
in Fig. 2. It is clear from the figure that peaks for GNPs are
present at 2q equal to 26.54 and 54.81. Different phases of
magnesium can be observed at 2q equal to 32.17, 34.38,
36.603, 47.80, 57.36, 63.05, 67.36, 68.65, 69.99,
72.47, 77.77, and 81.54. Addition of 10Ti þ 0.18GNPs
nanoparticles leads to the formation of new peaks, at 2q equal
to 26.54 (related to GNPs), 38.4,40.17, 76.2, and 77.35
(related to Ti) which confirms the presence of GNPs and Ti in
the composite. Intensity of GNPs and Ti peaks is very low and
only a few peaks appear on the composite which may attribute
to the low contents of Ti and GNPs (0.18 wt.%).
Fig. 2. XRD pattern of :(a) GNPs; (b) Ti powder; (c) Mg powder; (d) Mg-
(10Ti þ 0.18GNPs) composite.
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gate the surface morphology of pure Mg, Mge10Ti alloy and
Mg-(10Ti þ 0.18GNPs) composite. Microstructural charac-
terization shows that surface of pure Mg is smooth and free of
macro-structural defects, showing good bonding between Mg
particles Fig. 3(a). The surface of the Mge10Ti alloy and Mg-
(10Ti þ 0.18GNPs) composite as shown in Fig. 3(c and d),
also shows good bonding between reinforcement and matrix.
Grain boundaries are clear on the surface with small pores.
The presence of Ti-GNPs nanoparticles in the Mg matrix isFig. 3. SEM surface images of :(a) Pure Mg; (b) Mg-1hard to recognize due to very low content of Ti-GNPs nano-
particles. However, the presence of the-GNPs nanoparticles in
Mg matrix was confirmed by X-ray map. The Fig. 4 shows the
X-Ray mapping where Ti and GNPs particle embedded ho-
mogeneously in the Mg matrix. There exist significant
bonding between Ti-GNPs and magnesium particles leading to
improvement in the mechanical properties of the composite
(Table 2).3.3. Density analysisTheoretical and experimental densities of pure Mg,
Mge10Ti alloy and Mg-(10Ti þ 0.18GNPs) composite are
listed in Table 1. It was found that theoretical and experi-
mental densities are almost same. Thus denser Mg-
(10Ti þ 0.18GNPs) composites can be obtained by using
powder metallurgy method. It is clear from theoretical calcu-
lations that density of pure Mg increases with the addition of
Ti and Ti-GNPs nanoparticles. Measured experimental den-
sities of both pure Mg, Mge10Ti alloy and Mg-
(10Ti þ 0.18GNPs)composite are slightly lower than theo-
retical densities. Because at high sintering temperature,
diffusion of atoms is easier which leads to better sinterability
of composites. Sintering process changes the dimensions of
the composite due to shrinkage, which influences on the
density of composites. Also the vast difference in melting
point and compressive strength of the ingredients affects the
density of the composites.
3.3.1. Tensile behavior
Experimental results of Tensile test for pure Mg, Mge10Ti
alloy and Mg-(10Ti þ 0.18GNPs) composite are shown in0Ti alloy; (c) Mg-(10Ti þ 0.18GNPs) composite.
Fig. 4. X-ray mapping of Mg-(10Ti þ 0.18GNPs) composite: (a) Mg-(10Ti þ 0.18GNPs) composite; (b) Magnesium; (c) Titanium; (d) Carbon.
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leads to increase in yield strength, ultimate tensile strength and
failure strain (%). Also, the addition of GNPs to Mge10Ti
alloy leads to increase in yield strength, ultimate tensile
strength and ductility. The achieved failure strain of both
Mge10Ti alloy and Mg-(10Ti þ 0.18GNPs) composite isTable 2
Mechanical properties of pure Mg, Mge10Ti alloy and Mg-
(10Ti þ 0.18GNPs) composite.
Materials 0.2%YS (MPa) UTS (MPa) Failure
strain (%)
Mg 131  05 163  04 3.2  2.5
Mge10Ti 141  04 212  5.1 11  03
Mg-(10Ti þ 0.18GNPs) 160  5.3 230  03 14  3.4
Table 1
Theoretical and experimental densities of pure Mg, Mge10Ti alloy and Mg-
(10Ti þ 0.18GNPs) composite.
Material Reinforcement Particles
(wt%)
Theoretical
density
(g/cm3)
Sintered density
(g/cm3)
Ti GNP
Mg 0.00 0.00 1.7400 1.7385  0.0030
Mge10.00Ti 10.00 0.00 1.8537 1.8447  0.0050
Mge10.00Tie
0.18GNP
10.00 0.18 1.8545 1.8439  0.0060better than some earlier reports [29,30] where 5.6 wt.% Ti and
5.6 wt.% þ Cu/Al2O3 were used as reinforcement. Increased
strength of Mge10Ti alloy and Mg-(10Ti þ 0.18GNPs)
composite over monolithic Mg can be attributed to dislocation
generation due to mismatch in the coefficient of thermal ex-
pansions (CTE) (27  106/ C, 9.1  106/ C, 106 K1 for
Mg, Ti and GNPs respectively [32]) and elastic modulusFig. 5. Room temperature tensile test of pure Mg, Mge10Ti alloy and Mg-
(10Ti þ 0.18GNPs) composite.
Fig. 6. SEM fractured images of :(a) Pure Mg; (b) Mge10Ti alloy; (c) Mg-(10Ti þ 0.18GNPs) composite, after tensile test.
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102.2 GPa, 2 TPa respectively [32,33]), between matrix and
reinforcement. Therefore, mismatch in the coefficient of
thermal expansions and elastic modulus in the Mge10Ti alloy
and Mg-(10Ti þ 0.18GNPs) composite results in prismatic
punching of dislocations at the interface, leading to the
strengthening of the composite matrix.
Orowan strengthening [34] is an involved strengthening
mechanism for the observed enhanced strength of Mge10Ti
alloy and Mg-(10Ti þ 0.18GNPs) composite compared to the
monolithic pure Mg. Furthermore, Load transfer from the
matrix to reinforcement can be explained using a Shear lag
model [35]. Load transfer from the matrix to reinforcement
depends largely on interfacial bonding between the matrix and
the reinforcement by interfacial shear stress. Improved
strength of Mg-(10Ti þ 0.18GNPs) composite over Mge10Ti
alloy can be contribute due to high specific surface area,
adhesion of GNPs (due to its crumpled surface) and two-
dimensional (planar) structure of graphene nanoplatelets [36].3.3.2. Fracture surface analysis
The tensile fracture behavior of pure Mg, Mge10Ti alloy
and Mg-(10Ti þ 0.18GNPs) composite is shown in Fig. 6. It is
clear from the SEM fracture images that the fracture surface of
Pure Mg has many micro pores and cavities which were left
during the compacting and some of them are produced during
the sintering of the green billets. These cavities and pores are
responsible for the crack and fracture initiation and thus
leading to low strength and ductility of pure Mg. In case of
Mge10Ti alloy and Mg-(10Ti þ 0.18GNPs) composite,
samples have few pores, therefore leads to higher strength and
impressive increase in ductility compared to monolithic Mg.4. Conclusions
In summary, the Mge10Ti alloy is successfully fabricated
using the semi powder metallurgy method. Further the effect
of GNPs addition to the Mge10Ti alloy is investigated. The
following conclusions can be made from the current work.
1) Addition of Ti particle to monolithic Mg leads to increase
in strength and ductility. Improved strength of Mge10Ti
alloy can be attributed to mismatch in the coefficient ofthermal expansions and elastic modulus, dislocation gen-
eration and load transfer from the matrix to reinforcement.
2) Addition of GNPs to Mge10Ti alloy leads to increase in
yield strength and ductility. This improvement can be
attributed to high specific surface area and adhesion of
GNPs (due to its crumpled surface) and two dimensional
nature of GNPs. Also prepared Mg-(10Ti þ 0.18GNPs)
composite shows failure strain better than
Mge5.6Tie3Cu, and Mge5.6Tie2SiC composites.
3) This novel nano processing route is free of ball milling that
produces heat and is a big issue when dealing with magne-
sium. Therefore our method can be an alternative of ball
milling and has great potential for fabrication ofmagnesium
based nanocomposite for engineering applications.
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